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On the zirconium oxide neutral cluster distribution in the gas phase:
Detection through 118 nm single photon, and 193 and 355 nm
multiphoton, ionization

Y. Matsuda, D. N. Shin, and E. R. Bernstein
Department of Chemistry, Colorado State University, Fort Collins, Colorado 80523-1872

(Received 5 September 2003; accepted 2 December) 2003

Zirconium oxide clusters are generated in the gas phase by laser ablation of the metal into a flow of
ca. 5% Q/95% He at 100 psig and supersonic expansion into a vacuum chamber. Mass spectra of
neutral gas phase zirconium oxide clusters are obtained through photoionization at three different
laser wavelengths: 118, 193, and 355 nm. lonization of the clusters with 118 nm laser radiation is
through a single photon ionization mechanism, while ionization by 193 and 355 nm laser radiation
is through a multiphotofithree or more photgrmechanism. Fragment ion features are observed in
the mass spectra of Z0, for only the 193 nm and 355 nm ionization schemes. The true neutral
Zr,O, cluster distribution is obtained only through 118 nm single photon ionization, as verified by
mass spectral peak linewidths and calculations of the cluster binding energies, ionization energies,
and fragmentation rates. The neutral cluster distribution consists mainly of the sgf@s,Zand
ZrOomy 1 for m=1,...~30. © 2004 American Institute of Physic§DOI: 10.1063/1.1643731

I. INTRODUCTION because of the large density of electronic states that most
MO, species have. Elucidation of the neutral cluster distri-
Transition metal oxides are an important series of prachution and knowledge of the thermodynamically stable spe-
tical heterogeneous catalysts and their properties and reagies in the gas phase can generate information on cluster
tions have been extensively studied.Nonetheless, uncov- nucleation and growth mechanisms and stable neutral cluster
ering the detailed, microscopic geometrical and electronigtructures. Mass spectra representing the neutral cluster dis-
structure of an active catalytic site, and thereby generating &ibution are thus a first step in the understanding of neutral
reaction mechanism for a heterogeneous catalytic reaction, igetal oxide clusters.
still an elusive goal. The neutral metal oxide cluster distribution in the gas
Neutral metal oxide clusters have a wide variety of elecphase can be determined by mass spectroscopy; however, the
tronic and structural properties that in some instances refle@iusters must first be ionized to be detected. One of the most
bulk properties and in others reflect defect or surfaceyentle and precise methods of cluster ionization is by a pho-
structure$.™*° Various sizes of metal oxide clusters can beton, but metal oxide clusters typically have ionization ener-
produced and/or emphasizedthat have their own specific gies greater than 6.5 eV: single photon ionization is thus
characteristics(cluster structure, bond energy, ionization difficult but not impossible to achievé Typically the neutral
threshold, electronic states and even reactivities cluster distribution is ionized by multiphoton ionization pro-
(ViOn,Z1nOy ,F&r0,,Cun0,). 712 Metal oxide cluster cesses at 193 nifArF lase) during which from 2 to 10 or
properties, structures, reactivities, and catalytic efficacymore photons can be absorbed by theQylclusters due to
should change with cluster size. One can anticipate that their high density of electronic states for both neutral and
particular cluster or subset of clusters will possess propertiesationic species. Under these conditions, cluster fragmenta-
that resemble those of surface or bulk materials that are catéion is typical? and subsequent loss of M, O, M Oy,
lytically active. Clusters are, however, much easier and simM, O, , etc., species compromises the attempt to observe the
pler to study in detail, both experimentally and theoretically,neutral cluster distribution through mass spectroscopic
than are surfaces or bulk materials with defééfSherefore,  techniques.
systematic exploration of the properties, reactions, and cata- Recently, 118 nm radiation, generated from the ninth
lytic reactivities of neutral transition metal oxide clusters as aharmonic of a Nd/YAG lasef1064 nm fundamental output
function of cluster size should generate a fundamental undef1064 nm—-KDP—-355 nm—Xe/Ar—118 nphas been applied
standing of the practical application of metal oxide species iro ionize several cluster systerfs.g., G,,%? (CH;OH),,??
catalysis. (CH3CH,OH),,,Z Fe,0,."% Cu,0,." Ti 0,12 V0,13
Numerous studies of anionic, neutral, and cationic meta(Ref. 13] by a single photon mechanism. Kaizt al?* re-
oxide clusters have been performed in recent years employort mass spectra of neutral carbon clusters detected through
ing UV and IR multiphoton ionization mass spectroscopy,118 nm laser ionization that are quite different from those
photoelectron spectroscopy, and microwave spectroionized through a multiphoton technique. Metal oxide clus-
scopy'®~2 Electronic spectroscopy of metal oxide clustersters can be expected to ionize by a single photon mechanism
has been limited to smaldiatomic and triatomicclusters employing 118 nm(10.5 eV} radiation, and thus these clus-
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ters will not in general be fragmented in the detectionclude that the thermodynamically stable neutral clusters are
process. of the forms Zy,0,,, and Z{,O0514 1 -

The neutral cluster distribution for zirconium oxide has
been studied in the last few years by two multiphoton ion-ll. EXPERIMENTAL PROCEDURES

ization techniques. Foltiret al.“ report mass spectra of The experimental procedures and apparatus employed in

ﬁm?gszeelfiﬁts Lcl)snlln gzl{%inmsla(saiirei;)r;irz:t(i)%r;.elrr\l/(ier;tznnsde ti]z%hese studies are similar to those described in Refs. 11-13.
ght, only m-1 SP Briefly, the Zr,,O, clusters are generated by laser ablation of

approach of covariance mapping of the'mass spec_tralife he metal into a gas mixture of 6%,(4% He. This mixture
tures supports the mechanism of multiphoton ionization

neutral cluster fragmentation for the detection process. If tht(a)f helium gas and 4O, is then expanded into a vacuum

Lo . . . System throulg a 2 mmx5 cm nozzle channel. The backing
ionization laser intensity for 193 nm is greatly reduced, only ; . . ; .
clusters of the form ZxO, (M=5) are observed and the pressure of the expansion/reaction gas mixture is 100 psig.
) . 2m 15 . The pulsed supersonic nozzle/laser ablation/cluster source is
Zr,O series disappears. van Holdebhal:” use high P P
m~2m-1 : :

e A . most recently described in Ref. 12. The Zr metal f@ll
fluence IR radiation to ionize Z0, clusters by a multipho- . o
: ¥ mm thick, 99.98% punefor ablation is purchased from Ald-
ton process and again only £D,,,_; clusters are detected

: : . 2m-1 rich Chemical Co.
with an intensity pattern that is similar to that observed by . :
. N The generated clusters pass through a skimmer and into
UV (193 nm multiphoton ionization. In general one can _ .. : .
: T a time-of-flight mass spectromet@OFMS, Wiley-McLaren
conclude that multiphoton ionizatiofmore than three pho- design where they are ionized by lasé355, 193, 118 nin
tons at 193 nm and more than 30 photons at ca. 1000'cm 9 y y ’ '

) radiation*® The experimental timing is controlled by an SRS
leads to neutral cluster fragmentation for the,@y, clusters )
system DG535 time delay/pulse generat@tanford Research Sys-

In the present study of the neutral cluster distribution oftems and the microchannel plate detector output is captured

Zr,O, specieqcreated by laser ablation of the metal into an and storedpulse by pulse, at a 10 Hz ratey a RTD 720A

0,/He mixture, which then undergoes a supersonic eXpan(_Tektronix) transient digitizer connected to a personal com-

S ) puter. In order to ensure accurate timing for ion arrival and
rsrllzﬂiQr:gt?):(alcgu;;nnzyggesn:;?grﬁlzna?t:gnp?é);ﬁgil;fegn;rinedm- detection times, a photodiode monitoring the ionization laser
ployed. For the multiphoton ionization processes onlypulse is employed to generate a zero of time. This zero time

. ) . oint removes fluctuations associated with the laser firing. A
Zr,O,,,_ 1 Species are observed. For the single photon |onP 9

_m . : tr%je time zero for each spectrum is obtained from this diode
ization processes, the most intense series of clusters are 0

T + . pulse and from fitting mass peaks. The accuracy or residual
tzhre(;grmsifﬁgnggggveé%02m+l and the cluster series error for this procedure is 1 ns or less.
m~2m-1 '

Mass spectral features are analyzed for both single anﬁlI RESULTS
multiphoton ionization processes: ions created by multipho-""
ton processe€l93 and 355 nm radiatigrihave mass spectral Figure 1 shows the TOFMS of £0, clusters collected
peak linewidths greater than 20 ns, while ion peaks createtdy 193 nm radiation ionization. Spect(h) and (e) of this
by single photon processd€418 nm radiation have line- figure are essentially the same as those reported by Ref. 12.
widths ca. 10 ns reflecting the laser pulsewidth. Based omn spectrum(b), a series of mass spectral peaks of the form
linewidth data and calculations of cluster ionization energiesZr,,0,,,_; are the main features. The mass spectrum of
bonding energies, and fragmentation probabilities, we conZr,,O, clusters measured with IRLO00 cmi ) multiphoton
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FIG. 2. TOF mass spectra of zirconium oxide clusters that are ionizé¢a) by
118 nm and 355 nni24 mJ/pulsg (b) 355 nm(24 mJ/pulsg and(c) 118 FIG. 3. TOF mass spectra of zirconium oxide clusters detected by 118 nm
nm (17 mJ/pulse at 355 nm ionization. These spectra are measured by ionizing different regions of su-
personic jet gas pulse of zirconium oxide clusters by displacing the laser
horizontally a few mm and by delaying the ionization laser pulse with re-
spect to the ablation process a few.
laser ionizatio® shows essentially the same features and
relative intensities. The peak intensities of the
Zr,O;— 1 (M>2) are decreased with higher 193 nm laserstill intense enough at 23.5 mJ/pulse to generate ions by a
energy/puls€>1 mJ/puls¢ as shown in Fig. (). This de- multiphoton process. Spectrun(b? is generated from an
crease of peak intensity fon>2 results in an increase in the evacuated tripling cell and shows a typical fragmentation,
Zr and ZrO intensities as can be seen in Fig) tompared multiphoton ionization set of features. The &b, fea-
to Fig. 1(b). On the other hand, if the laser intensity is re- tures in Figs. 2a) and Zb) have roughly the same intensity,
duced to ca. 0.6 mJ/pulse at 193 nm, the mass spectrumhich further suggests that they arise only from 355 nm
begins to change and features belonging to serig®©Zr ionization/fragmentation processes. Note also that the Zr and
appear form=5. As the ionization laser energy/pulse is re- ZrO features are intense in these spectra due to fragmenta-
duced below 0.5 mJ/pulse, the, &, features dominate the tion [compare to Figs. ) and 1a)]. In spectrum 2a), the
mass spectrésee Figs. (), 1(d), 1(e), and If). These re- most intense features are of the two serieg, G, and
sults imply that the observed Z0,,,_, mass spectral fea- Zr,0O.;, and some weaker features belonging to the series
tures arise from the fragmentation of,@,,, neutral clusters  Zr,,O, (n>2m+ 1) are observed. Spectrunicis obtained
due to the multiphoton absorption of 193 nm photons. As thevith 17 mJ/pulse 355 nm lightather than 23.5 mJ/pulse for
laser intensity is lowered, the @1*0 feature becomes the 2(a) and Zb)] defocused to ca. 8 mm in the ionization re-
most intense peak in the spectrum. Note that with ionizatiorgion, and 500 torr of Xe/Ar in the cell: the £0,,,_1 series
laser energy/pulse below 0.5 mJ/pulse, no cluster with is completely missing. This demonstratgsialitatively that
<5 is observed. Based on similar results, Foéttral}? con-  the 355 nm ionization/fragmentation processes require more
sidered the ZO,, neutral cluster to be an especially stablethan three photons. Note that ZfCand ZrQ, peaks are
structure in the neutral cluster distribution. observed in Fig. @) and that the fragmentation features Zr
The TOFMS measured by 118 nm and 355 nm laseand ZrO" are very weak in this spectrum. ZyGand ZrQj
ionization are shown in Fig. 2. One can easily separate thare not observed in Figs(& and 2Zb) and are fragmented by
118 nm detected mass spectrum from that detected by 358e higher photon density of the 355 nm ionization beam.
nm ionization by comparison of the three spectra presented Figure 3 shows the TOF mass spectra gfQ@y obtained
in this figure. The 118 nm light is generated by tripling the with 118 nm ionization taken as a function of timing delay
355 nm light in a Xe/Ar(1:10 cell of ca. 200 torr total gas between ablation and ionization laser pulses and small, ca. 1
pressuré? Both laser beams are transmitted to the TOFMSnm translations of the interaction point between the cluster
ionization region by the final MgFlens at the cell output. beam and ionization laser beam along the cluster bdwmi-
The 118 nm light is focused to less than ca /68, while the  zonta) axis. Larger clusters are detected by shifting the ion-
355 nm light is defocused to ca. 5 mm. The 355 nm light isization laser/molecular beam intersection to later parts of the
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FIG. 5. (a) Expanded mass peak of ¥, (mass 24§ for a 500 shot aver-
aged TOF mass spectra, ionized by 118 nm laser radiation. The FWHM of
U mass peaks, obtained by fitting the spectra to Gaussian functions is 12 ns.

Intensity (Arb.)

(b)—(e) Sample mass peaks of X, (mass 24p in the single laser pulse
TOF mass spectra that are averaged to generate spe@rufhese features
are roughly 2 ns FWHM, their width is limited by the transient digitizer
resolution(0.25 G samples/s in these traces

462 464 466 468 470 472 474 476
TOF (ps) the mass spectral features,@; and ZpO, . The numbers
FIG. 4. Expanded TOF mass spectra of zirconium oxide clustergajor ff)r th.e ZrZOI features are_ Isotope masses an.d Pealf intensi-
2r,0{ and Z50} , and(b) ZrsO; and Z&Oy,. These spectra are measured €S (in parenthesgsshowing the expected distribution of
by 118 nm and 355 nm ionization simultaneously. Peaks fgOzrare  cluster features for two Zr atoms in the clustéon, 91, 92,
assigned to specific isotopic masses, as are some of thoses;@y,ZiThe 94—ca. 5:1:1.5:1.5 natural abundancEhe discrepancy be-
numbers in parentheses are percentages of natural abunda@eedti-  wyeen the anticipated isotopic feature intensities and those
mated by abundance of zirconium isotopes. Isotopic species with less than . . .
1% abundance are ignored. The @, species are indicated by a few mass measured is prObany attributable to system response time, as
numbers. The 20, and ZgO,, feature FWHM are both ca. 10 ns. these spectra are obtained at 250 M samples/s for the digi-
tizer, and the single pulse spectra can saturate the digitizer
range for multiple ion events. Linewidths for the,@x, fea-
pulsed supersonic expansi¢h mm is equivalent to-1 us) tures are ca. 10 ns and reflect the temporal laser linewidth.
or by delaying the ionization laser timing. Thus, the clusterThe width of the ZsO, feature is ca. 50(s and reflects a
size distribution is not equal throughout the gas pulse andistribution of decay times for the parent ions along with the
varies considerably and systematically within the pulse du@ow unresolved isotopic distribution. In the next section, we
to velocity slippagdlarger clusters are more slow to accel- will discuss the implications of these results for the fragmen-
erate to beam velocity~2x 10° cm/s, for a He beaipand  tation mechanism. The 20, /Zrs0;, spectra presented in
perhaps also due to time needed for larger cluster synthesiBig. 4(b) demonstrate similar linewidth and fragmentation
Nonetheless, the main series of observed clusters are sthlehavior. Figure &) shows an expanded view of one of the
Zr 0o, and Zr,0,.,41 with smaller clusters having the Zr,0, mass spectral isotopic features.
larger concentrations. This latter fact is most likely a func-  The spectra presented in Fig. 5 compare the time aver-
tion of a statistical, collisional growth process. Note that thisaged(500 laser pulsgdinewidth for one of the ZjO, iso-
correct behavior is contrary to that observed for 193 nm iontope peak$246) and single laser pulse derived spectra of the
ization (even at low laser powgrWe will discuss this obser- same feature. The linewidth for a single pulse peak is smaller
vation in the next section. (<4 ng than the averaged one, and its peak position is
Figure 4 gives an expanded view of some of the masslightly shifted from the average center of all 500 laser
spectra of Fig. @&). Figures 1 and 2 make the point that pulses which has very nearly a Gaussian line shape. These
ionization of Zr,O, clusters by 193 and 355 nm radiation single pulse/averaged pulse differences are due to the nature
causes extensive cluster fragmentation. Figue gresents of the unseededn this instance Nd/YAG 1064 nm output
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FIG. 6. TOF mass spectra of zirconium oxide clusters measured by differerftlG. 7. TOF mass spectra of zirconium oxide clusters measured by different
193 nm ionization laser timingo) 2 us and(c) 5 us delayed timing from 193 nm ionization(0.25 mJ/pulsk laser timings;(b) 3 us and(c) 5 us
spectrum(a). delayed timing from spectrur(a).

, ) . an appropriate timing range of the ionization laser pulse.
pulse shape and the slight difference in the neutral C|USt%bvioust, the cluster beam is not homogeneous, but still

arrival time for each ionization laser pulse. The laser pulse i$qer these conditions, the 0, neutral cluster is present
naturally somewhat mode locked with much of the output

) : b “‘at high relative concentration fon=5 (compare with spec-
intensity coming in a few hundred ps pulses randomly disy,5 of Fig. 3.
tributed within the “10 ns pulse envelope.” One calculates
that, for a detector gain of ca. 10a single ion creates a ca.
10 mV voltage pulse into 50). Most laser pulses produce IV. DISCUSSION
single ion signals for each isotopic peak, as can be seen in |n this section we will discuss two related topi¢$) the
Fig. 5. These features can be observed for two reaghs: gas phase neutral cluster distribution for zirconium oxide
the data are collected such that the detector output is sepatusters generated by laser ablation of the metal, reaction of
rately stored for each laser pul¢éat 10 H2 and averaged the metal atoms, clusters, and ions with oxygen, and subse-
only after all the 500 spectra are acquiféd? and (2) the  quent cooling(perhaps growthof the reaction products by
118 nm laser beam is tightly focus¢&50 um) so that the  supersonic expansion into a vacuiyoa. 100 psig to ca. 5
nonfragmented ions are all created at the same ¢imithin -~ x 10 ®torr); and(2) fragmentation mechanisms for neutral
the 10 ns average pulse envelpped position in the ioniza-  clusters upon ionization by 193 and 355 nm radiation.
tion region of the TOFMS. The linewidth for the individual
laser pulses is controlled by the sampling rate of th
RTD720A transient digitize(2 G sample/s but in Fig. 5 0.25 All of the data reported in this papéinewidths, ioniza-
G sample/s is used Thus, even the averaged ca. 10 nstion intensity patterns, timingsupport the conclusion that
Gaussian full width at half maximurtFWHM) of the non-  the 118 nm ionization results represent the true neutral clus-
fragmented mass features is composed of a distribution dagr distribution; that is, the most stable, neutral clusters are of
narrower(ca. 2 n$ individual peaks generated by each laserthe forms Zf,0,,, and Z{,O,m41, for m=1,...<30. ZrO
pulse. and ZrG, clusters are also present, along with the less abun-
Mass spectra for ZjO, clusters, ionized by 1 mJ/pulse dant series ZO, - 2.34. These latter cluster series and 4rO
193 nm radiation, are shown in Fig. 6 as a function of ion-are not observed if the mass distribution is detected through
ization laser timing. These spectra should be compared t855 or 193 nm ionization. Thus, 118 nm ionization does not
those in Fig. 3 obtained with 118 nm ionization, also as afragment the neutral cluster distribution. This conclusion is
function of laser timing. Note that, for 118 nm ionization, the further supported by RRK and density functional theory
overall cluster distribution as a function of laser timing is (DFT) calculations discussed below in the context of a frag-
different from that for 193 nm laser timing, even taking into mentation mechanism.
account that at 193 nm detection,Z;,,,_, clusters are ob- An estimate of the relative abundances of the neutral
served and that at 118 nm detectionm(agm2m+1 clusters  clusters within each of these series (@5, and Z,0514 1)
are observed. These issues will be discussed in the nesnd between series can be obtained from Fig. 3. Clearly the
section. most abundantintense signalclusters are the small ones,
The low energy, 193 nm radiation detected cluster ionZrO, ZrO,, Zr,Oys,... . Using 10.5 eV radiation for ioniza-
distribution is present in Fig. 7 as a function of ionization tion should avoid problems with small clusters having a
laser timing with respect to the ablation laser. Note that théhigher ionization energy than larger oriege below for cal-
Zrs0;, cluster is intense under these ionization conditions forculations and Figs. 1 and 7 for 193 nm, low intensity ioniza-

eA' The neutral cluster distribution



J. Chem. Phys., Vol. 120, No. 9, 1 March 2004 The zirconium oxide neutral cluster 4147

tion mass spectja This distribution, with abundant small K(E)=v(1—Eqo/E*)S 1, )
and fewer large clusters, is typical of a statistical growth C
dominated cluster systehr}?Within this general trend, clus- Ni=No(1—e ™). i)

ter Z1;0,0 and ca. ZfO,, 10 Z1g0,5 Seem to be somewhat g 'iq the dissociation energy for the above reaction, and it is

more abundant than their immediate neighbors in the neu”%lssumed to be the same as the dissociation energy of the
cluster distribution. Note that this is not a simple determina-neutra| clusters obtained by DFT calculations at the BPW91/
tion because lasdbeam homogeneijytiming plays a sig- LANL2DZ level?* using thecAUSSIAN 98 progran?® N and
nificant role in the apparent intensity patterns of the mas{  are the initial number of cluster ions and the number of

spectra(see Fig. 3 The relative intensities of the cluster g, ment jons, respectively.is the vibrational frequency of
features for 118 nm ionization are generally independent O{he reaction dissociation coordinate and has a value of

laser intensity(from 24 mJ/pulse to 3 mJ/pulse at 355 ih =10'(s"Y). s is the number of oscillators in the cluster.

fragmentation by residual 355 nm radiation is considered. Assuming three photons of 193 nm radiation are absorbed,
E*=13.67eV is the excess energy in the clusteg(Zs

B. Fragmentation mechanisms for 193 and 355 nm calculated from  E* =(internal energy in clusters)3

ionization X 6.4 eV—8.41 e\(adiabatic ionization energy. The inter-

Consider first ionization by 193 nm radiation. Based onnal energy in the cluster2.88 eV due to vibrgtion at an
Fig. 1, one can see that 193 nm light at ca. 1.8 mJ/puIseassumed temperature of ca. 500%KThus, according to Ref.

— —1 — —6 o |
focused to 0.K1.0 mm (ca. 2<10PW/cn? intensity, gen- 12, k=1.5s 1. A value oft=1.5x10 °s is taken for the

erates extreme fragmentation such that the prominent speciésss'dence time of the cluster ion in the ion source region of

detected are Zr, ZrO, and AD3. This fragmentation pattern the -I;OFMS’ and_fror_n Eq_(2) a maxtrrnum Of. 14% of the
must arise from many>4) absorbed photons for each clus- Z_r6012 clusters will dissociate to 20, following absorp-
ter. At ca. 1 mJ/pulse of 193 nm laser radiation, the smallefo" of three ph(_)tons by 40y, Thus, one can expect only
clusters (n<5) are observed with reduced intensity prob-mIId fragmentation from ZfOxm 10 Zfm-10zm_2 OF from
ably because they require a greater number of photons #mO2m: 110 Zfm—102m_1, IN general, at relatively high ion-
ionize, and with the reduced energy/puldeversus 2 mJ/ Ization laser energy/pulse.

pulse, the cluster fragmentation is not so extrerfi¢ote the _CF’”S'_der, ne_xt the fragmentation mechamsm.for 355 nm
Zr0/Zr,0; ratio in Figs. 1a) and ib).] The “Gaussian- radiation ionization of the two neutral cluster series,@s,,

shaped” cluster ion distribution is typical of a fragmentation ar?d Z'F“OZWﬁ' Baset? on fthi ex%erémintal data]: gge;entelq Ihn

patternt? Assuming that the neutral cluster distribution con- (NS report, the number of absorbed photons o nm light

sists mainly of the two series of clusters @b, and per cluster is not known, so a calculation of expected frag-
m

Zr Oums 1, in the range of laser energy/pulse 0.5 to 1.0 mJlrnentation is not available. Nonetheless, Fig. 4 demonstrates
m m+1:» . .

pulse, one can suggest that the fragmentation is of the forrH]at' again,+ the  fragmentation is+ locae.g., ZpO,
— 355 nl203 7O, Z1,05— 355 11203 +20, and ZgOg

ZrOpm —— ZrnOpm_1+ O, — 35521,0, +Zr0O,) because the ZO5,, 5.1 Mass spectral
193 nm features are linewidth limited by the laser pulse duration. If
Zr - Oomi 1 ZrO5 1+ 20. fragmentation occurs with loss of a,dx=1,...) species,
193 nm these features would be broad unless the fragmentation time

were less than 1 ns. This fast rate would not be possible
unless a cluster were to absorb 10 or more photons of 355
m light. Since the intensity of 355 nm light is low<24

A Zr atom is not fragmented if the laser energy is below
about 0.8 mJ/pulse because*ZizrO*, and Zy,0;,,_, (M

<5) clusters are not observed. At low enough laser energy, Jlpulse at 10 ns duration and 0.5%#x 1P W/cn?), one

+
pulse(so.:%_ mJ/puI_s)aonI_y Z_rmO_Zm (m=5) cIu;ters are ob- does not expect more than three or four photons at 355 nm to
served. This evolving distribution of cluster ions arises bey,, .1 oo rbed by a cluster. Thus, again, the most likely frag-
cause small, more abundant clusters have high ionizatio ' ' !

i S Fhentation mechanism for 355 nm ionization is loss of one or
energies, and larger, lower ionization energy clusters are n?\tlvo O atoms from a cluster

abundant(under these growth conditionsSmaller clusters Both 355 and 193 nm ionization/fragmentation of these
have lower densities of states, which also reduce the overaJ:IIusters apparently causes the strongest @nd—183 kcal/
cross section for ionization. Thus, we suggest that cluste

: . . 7% r[nol, O,—119kcal/mol, Z5—<100 kcal/mol) in the cluster
_fra_gm_entatlon caused t(_ynultlphotor) lonization processes, to break, clearly the reaction pathway for other fragmenta-
if it is not extreme, is local such that, for example

' tions includes a significant activation energy.
Zr501019?nm2r509+0 and ZgOnlg?anr509+20. Now consider the possibility of fragmentation by a

71,0, 3¢ are not observed in this instance becausgdgy ~ Single 118 nm(10.5 eV photon. Although the 10 ns line-
are not directly ionized at this photon arrival rate and beWidth for the 118 nm ionized Z{O;mm+1 Cluster series,

cause Z£O;q 4, do not lose a ZrO, ZrQ, ZrO; or ZrO, in along with the previously discussed calculations, strongly
their fragmehtation processes. suggest that this single photon ionization process does not

One can estimate the dissociation probability forcause neutral cluster fragme'ntat'ion on a time scale. glpwer
2101, — Zrs0j,+2r0, by using RRK theory and rate than~1 ns, faster fragmentation is still a logical possibility.
193 nm One can estimate the 118 nm laser energy/pulse at roughly
equations 0.5 wJ/pulse which corresponds to ca.'iphotons/pulse.
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TABLE . Vertical and adiabatic ionization energiésV) of the optimized  tral cluster as especially stable based on mass spectral peak
structure of ZrO and Zr@clusters calculated at BPW91/LANL2DZ level. intensities and DET calculations.

Vertical ionization Adiabatic ionization
energy energy V. CONCLUSIONS
ZrO 6.23 6.19 . . . .
710, 9.05 8.99 The major result of this study is to show that high en-

ergy, single photon(10.5 eV, 118 nm low intensity
(10* photons/pulse) photoionization of transition metal ox-
ide neutral clustergzirconium oxide, ZrO,) can be em-
ployed to determine the neutral cluster distribution in the gas
phase. Even though one cannot, at present, select individual
clusters for study, as one can do with ionic clusters, one can
know the neutral cluster relative populations. This informa-
/tion can then be used to study the reactivity and chemistry of
the neutral clusters.

The neutral cluster distribution for zirconium oxide clus-
ters consists mainly of two series of clusters,,@,,, and

Using Eq.(1) with the previously employed parameters and
10.5 eV energy for the single absorbed, we obtainl.1
X 10 %2571, This yields a 0% probability of cluster frag-
mentation of the form ZfO,m— 118 nZlm-10sm- 2+ ZrO5.
One can also perform DFT calculations at the BPW91
LANLZDZ level on ZrO, ZrQ,, ZrO", and qu to calcu-
late the dissociation energy for the reaction ZrO
T8 anrO*+Q. Tqblc_a | gives the calgulated values for the ZrmOsm+ 1. Multiphoton ionization of clusters with 193 and
vertical and adiabatic ionization energies for the most stabl 5% nnn]1 laser radiation at moderate energy/pulse and focus
cluster structures of these neutrals. lonization energies o( tensit 10’ Wien?, ~1 md/pulse tes fraa-
ZrO and ZrQ clusters have been estimated by electron im- intensity, ca. ) wvient, mJipulsg generates irag
pact studies to be ca. 6 eV and ca. 9 eV, respectieie mentation along with ne_utra_ll cluster |(_)n|zat|on._ One can ar-
calculated vertical values are in quite good agreement witlg e that the fragmentation is mostly, if not entirely, local in

those experimental estimates. The ZrOZrO*+0O mini- the sense that

mum dissociation energy is calculated at 4.4 EVY.for 118 ZrOomom+1 —— ZrmOzm—1+1 or 20.
nm single photon ionization is E* 198 nm

=10.5eV (118 nm photoni 2.88 eV(internal energy)- 8.99 i
(adiabatic ionization energy for Zgp=4.4eV. Thus, both Mass spectral fea_ture_s generated by a tightly focusgd
E* andEe. are ca. 4.4 eV and roughly equal. The time for (=50 um), 118 nm ionization laser are very sharp and their

such a dissociation is certainly not less than 1 ns as requirdd'€Widths are governed by the duration of the laser pulse.

for the process to be consistent with the experimental lineSUch linewidths are the halimark of nonfragmenting ioniza-

width of the mass spectral features generated by 118 n on of neutral clusters. The average full width for these fea-
ionization. Larger clusters would dissociate even mordUrés at half-maximum is ca. 10 ns, but individual laser
slowly based on densities of states estimates. Thus, one cRi{S€s can generate widths as small as a few ns or less due to

conclude that 118 nm radiation used for D5, and € laser mode structure.

Zr,O,m+ 1 0Nization does not fragment these clusters within At low Iasgr Intensity for the multiphoton lonization pro-
the experimental time scale. cess, cluster ions witm<5 are not observed due to higher

The ZKOy, cluster appears to have a special stability incluster ionization energies and lower cluster density of states

the 193 nm derived mass spectrum, as can be seen in Figs.fcir the small clusters. These small clusters are also not gen-

and 7 and as reported in Ref. 12. One can also make th%rated by larger cluster fragmentation at low laser intensities.
argument based on some of the 118 nm ionization (fita We are now in the process of studying the reactions of
3), as well as the previously reported DFT calculatiéhs. these neutral clusters with small gas phase molecules.
The main difference between the 118 nm and 193 nm de-
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